1 This article will form part of a virtual special issue on advanced neutron scattering instrumentation, marking the 50th anniversary of the journal.
Introduction
Neutron diffraction from aligned membrane systems has yielded insights into systems such as fat-soluble nutrients, pharmaceuticals and biological processes . Aligned membrane systems have a distinct advantage over liposomes, as they allow for the model-free analysis of data. Aligned membranes have provided unambiguous structural information for a number of membrane systems (Katsaras et al., 2000) , and in some cases have led to structural solutions only when they became available Sirota et al., 1988; . Neutron diffraction from aligned membranes also allows for clear differentiation between in-plane and out-ofplane correlations Yang et al., 1998 Yang et al., , 1999 Armstrong et al., 2013) . Because the diffraction signal from an aligned sample is not isotropic, as is the case for powders, data collection is also accelerated. In addition, the amount of material required to make aligned samples is generally a fraction of that needed for liposomal preparations. Overall, the use of aligned samples is highly desirable.
Precise study of membrane structure and membrane-bound molecules requires accurate environmental control. To simulate physiological conditions, parameters such as temperature, pressure and hydration need to be controlled. Neutrons are an ideal probe for studying systems requiring complex sample environments, largely because of their interaction with materials such as aluminium that have a low neutron absorption cross section . Besides sample environments, neutron scattering studies of model membranes have the advantage of the pronounced difference in scattering between protium ( 1 H) and deuterium ( 2 H) atoms. Substituting deuterium atoms for hydrogen at selective locations provides enhanced contrast between 'labeled' and 'unlabeled' samples. The difference in neutron scattering length density (NSLD) between the two samples ultimately yields the location and distribution of the 2 H label (Harroun et al., 2006 (Harroun et al., , 2008 Krepkiy et al., 2009; Kučerka et al., 2009 Kučerka et al., , 2010 Komljenovic et al., 2010; Marquardt et al., 2013 Marquardt et al., , 2014 .
The resolution of experimental data can be increased through the use of specific deuterium labeling, the result being the accurate determination of the label's position along the bilayer's stacking or transverse direction (Gordeliy & Chernov, 1997) . Gordeliy and Chernov theoretically determined that the spatial resolution of a functional group can be improved from the canonical resolution of d/h max (d ' 50 Å , h max ' 5) down to $1 Å by means of 2 H labeling. This ability to increase resolution by isotope substitution is an added benefit of neutron scattering.
In scattering studies, the scattered intensity is detected when the Bragg condition is met. The relationship between the scattering angle () and the unit-cell dimension (d) is expressed by Bragg's law. Here we present the first Bragg scattering experiments on multi-bilayer samples carried out on the Wide-Angle Neutron Diffractometer (WAND) instrument located at the High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (ORNL). A newly developed sample environment was fabricated, which enabled the control of temperature and relative humidity (RH). Although diffraction from multi-bilayer samples has been carried out at other facilities, this capability has not previously been available to the ORNL user community. The WAND instrument is, in part, addressing this issue.
Instrument description

Overview
The HFIR HB-2C WAND instrument ( Fig. 1) was designed with two capabilities in mind, namely (i) the rapid collection of medium-resolution powder diffraction data; and (ii) the measurement of diffuse scattering from single crystals. The specifications of WAND are listed in . For powder diffraction, the wide-angle coverage, in combination with the high flux provided by the vertical focusing Ge monochromator, allows for fast parametric measurements on short time scales. For single-crystal diffraction, the sample is rotated in increments of typically 0.1 , and the measurements are displayed in reciprocal space in either angular or lattice terms. WAND's intrinsic low background allows for the detection of weak signals, including the diffuse scattering of short-rangeordered magnetic structures. The instrument is equipped with an oscillating radial collimator which suppresses scattering from the sample environment. The collimator is also effective in shielding the strong neutron background present in the HFIR beam hall. Recent tests without the radial collimator yielded a background of 1000 n s À1 , compared with 35 n s
À1
when the collimator was in place. It should be noted, however, that radial collimators are not as effective as, for example, Soller collimators at low values of momentum transfer q [q = (4/)sin, where is half the scattering angle and is the wavelength of the incident radiation]. This limitation is overcome by optimizing the slit-to-sample ratio. There is easy access to the sample stage which is capable of accommodating a range of sample environments. Fig. 2 shows a cross-sectional view of the temperature-and relative humidity (RH)-controlled sample environment designed specifically for WAND. The multi-bilayer is adsorbed on a single-crystal Si wafer, which is suspended from the inner canister lid. The lid is sealed by an O-ring and saturated salt solutions are placed at the bottom of the canister to control the RH. Figure 1 The Wide-Angle Neutron Diffractometer (WAND) at HFIR. The primary components of the diffractometer are as follows: (1) collimation slit S1; (2) collimation slit S2; (3) motorized slit package (maximum 9.4 mm horizontal, 49.4 mm vertical); (4) sample environment; (5) thermocouple; (6) goniometer stage for sample alignment; (7) 640-channel detector; and (8) oscillating radial collimator.
Sample environment
situated within an evacuated outer canister. The canisters are mounted on a water-circulating copper base plate that is temperature controlled by a water bath.
Experimental settings
The first-order quasi-Bragg peak (h = 1) from the multibilayer stack sample was used to optimize the instrument. First, the peak maximum was found using a rocking scan (i.e. diffraction was obtained through a series of sample angles !). The sample was then aligned using the goniometer and centered with respect to the incident beam using the translation stage. The motorized slits (see Fig. 1 ) were set to a width of 1 mm and a height of 40 mm. As a result, the entire sample was 'bathed' by the incident neutron beam, yielding a neutron scattering intensity map as illustrated in Fig. 3 . During experimentation, we used two detector positions (0.1 apart with wire spacings of 0.2 ) and ! was scanned in 0.05 increments. The first-and second-order quasi-Bragg peaks were measured for 10 s per ! angle, while higher-order maxima were measured for 200 s per !. A complete data set took $10 h to collect.
Methods and materials
1,2-Dioleoylphosphatidylcholine (DOPC) was obtained from Avanti Polar Lipids (Alabaster, Alabama, USA) and sunflower phosphatydilcholine (PC) extract from the American Lecithin Company (Oxford, Connecticut, USA). All materials were used as received.
Sample preparation
Aligned multi-bilayer stacks were prepared by dissolving 12 mg of lipid in a 2:1 mixture (by volume) of chloroform and trifluroethanol and deposited onto the surface (2.5 Â 6.0 cm) of a 1 mm thick Si wafer. The wafer was 'rocked' during evaporation of the solvent, then placed in a vacuum for several hours (no less than 6 h) to remove traces of solvent, resulting in a 1 mm thick film. Samples were then placed in an air-tight sample cell and hydrated to the desired RH and neutron contrast (H 2 O/D 2 O ratio). The RH was controlled using the appropriate saturated salt solution [e.g. NaNO 2 (66% RH) or KNO 3 (94% RH), at a given H 2 O/D 2 O ratio]. Samples were equilibrated over several hours; upon changing the neutron contrast, the samples were placed into an already humid atmosphere and equilibrated for $30 min. Data were collected for three different contrast conditions (74, 8 and 0% D 2 O in H 2 O). This allowed the phases of the structure factors to be determined experimentally.
Large unilamellar vesicles (LUVs) were prepared by hydrating a dry lipid film with D 2 O to a concentration of 20 mg ml À1 . The hydrated film was then subjected to five freeze-thaw cycles to ensure proper hydration. The LUVs were sized by passing the suspension 31 times through a 50 nm polycarbonate membrane (NanoSizer T&T Scientific Corporation Knoxville, Tennessee, USA). Small-angle neutron scattering data were collected on the CG-3 Bio-SANS An isometric cross-sectional view of the temperature-and humiditycontrolled sample environment.
Figure 3
A two-dimensional neutron diffraction map of DOPC at 294 K hydrated at 66% RH. The x axis corresponds to the detector channel angle with respect to the incident beam and the y axis corresponds to the sample angle with respect to the incident beam, also known as the scattering angle. Four Bragg orders (h) are clearly observed. instrument located at HFIR (Heller et al., 2018) . Small-angle X-ray scattering (SAXS) LUV data were collected with a Rigaku BioSAXS-2000 small-angle instrument fitted with a Pilatus 100K detector and an HF007 rotating copper anode (Rigaku Americas, The Woodlands, Texas, USA).
Data analysis
Two-dimensional intensity maps were generated using OriginPro (OriginLab Corp., Northhampton, Massachusetts, USA), and one-dimensional diffraction patterns were produced using Origin's Image/Contour Profile function. 2 values were corrected for systematic 2 shift with a cos dependence. These shifts were the result of samples being slightly off-centered and of sample absorption. Shifts were corrected using equation (1),
where e is the eccentricity and R is the radius of the sample (Rodríguez-Carvajal, 1993). Samples were found to have a displacement perpendicular to the beam of 0.143 mm.
Reconstruction of the one-dimensional scattering length density maps was carried out as described previously (Harroun et al., 2008; Kučerka et al., 2010) . The data were corrected for (i) incident neutron flux C flux ,
where ! is the sample angle; (ii) sample absorption C abs ,
where
and is the total absorbance cross section of a sample of thickness t; and (iii) Lorentz correction C Lor ,
, the total absorbance cross section of the sample, is calculated by taking into account all the atoms in the unit cell, typically a lipid with its associated water and a percentage of any guest molecules. C abs assumes that the sample is of uniform thickness and C Lor is a geometric correction factor arising from the different rates at which the sample rotates through the Bragg condition. The final discrete form factor is determined by taking the square root of the correction factors and the diffraction intensities (I h ):
The corrected F(q) values are then Fourier summed to produce a one-dimensional map of neutron scattering length density () along the bilayer normal (z) or transverse direction. Moreover, the use of a cosine series is justified because the bilayer is centrosymmetric: Here, d represents the repeat spacing of the unit cell, h is the diffraction order and F o is the total scattering length of the unit cell (calculated). For consistency with the work of Pan et al. (2012) and Mihailescu et al. (2011) , we set F o = 0. The LUV data were analyzed by joint refinement of the SAXS and SANS data using a symmetric six-strip model modified from the work of Eicher et al. (2017) . The imaginary term can be ignored since the bilayers are centrosymmetric. Thus when i = o, the model is reduced to a total of five strips,
(for definitions see Eicher et al., 2017) .
Results
DOPC
4.1.1. Rocking curve. The rocking curve (Fig. 4a ) is a measure of how well the sample is aligned and was determined by scanning the sample angle !. A narrow quasi-Bragg peak is observed, which sits on top of a broad shoulder (McMorrow & Als-Nielsen, 2011; Kucerka et al., 2009) . The broad shoulder is due to less well aligned domains within the sample. The widths of the narrow peak and broad shoulder were determined to be 0.07 and 0.5 , respectively. Another feature of the rocking curve is the minima in intensity. They are the result of absorption when the sample substrate is parallel to the incident or diffracted beam (Fig. 4a) .
4.1.2. Bilayer structure. Normalized one-dimensional intensity scattering data are shown in Fig. 4(b) . Four quasiBragg peaks are observed for the three contrasts measured (0, 8 and 74% D 2 O). This is consistent with the number of scattering peaks observed previously (Pan et al., 2012) . As mentioned, we used contrast variation to determine the structure factor phase information. The inset of Fig. 4(b) shows the linear dependence of the structure factor as a function of D 2 O content; the slopes follow the commonly reported À+À+ phasing scheme (e.g. Mihailescu et al., 2011) . Furthermore, our measured sample d spacing, at an RH value of 66%, is 50.4 AE 0.2 Å , in agreement with the previously reported values of 49.6 AE 0.08 (Mihailescu et al., 2011) and 50.2 Å (Pan et al., 2012) .
One-dimensional NSLD profiles of the current data and the data reproduced from Mihailescu et al. and Pan et al. were calculated from the structure factors listed in Table 3 and are shown in Fig. 5 . There is good agreement when comparing the one-dimensional NSLD of our DOPC multi-bilayers (solid red line) with those reconstructed from the time-of-flight (TOF) data (solid blue line). Note that both data sets report four diffraction orders. When reconstructing the one-dimensional NSLD profile with eight orders of diffraction (h = 8, solid green line), instead of four, one observes a modest shift of the carbonyl-glycerol group position (peak at 18 Å ) towards the bilayer center and more detail in the region of the hydrocarbon chains, most notably a density increase at a distance of $8 Å from the bilayer center.
Sunflower PC
Sunflower lecithin extract has started to replace soy bean lecithin in foodstuffs, as non-genetically modified (non-GM) soybean is becoming exceedingly difficult to procure (Krü ger et al., 2015) owing to the increased demand for non-GM products. In addition, sunflower lecithin can serve as a useful model membrane system because of its high PC and essential fatty acid content (Holló et al., 1993) . Here we studied the bilayer structure of 94% RH sunflower phosphotidylcholine (SPC) extract aligned on Si substrates at 298 K, and compared its structure with that from LUVs.
Comparing the one-dimensional NSLD profiles generated from diffraction (Fig. 6 ) and SAS data (Fig. 7) , the onedimensional NSLD reconstruction from diffraction data shows a smooth profile. Although the finer details are not directly Table 3 Structure factors of DOPC multi-bilayers hydrated with 100% H 2 O (66% RH) at 294 K.
SNS data are reproduced from the work of Pan et al. (2012) and NCNR data are reproduced from that of Mihailescu et al. (2011 comparable between the model-free one-dimensional NSLD from diffraction and the model-based analysis used to fit the SAS data, some comparisons can be made. For example, using geometric relations the area per lipid (A L ) can be determined from both data sets. The A L for diffraction data was calculated for a d spacing of 50.5 Å and assuming 11-15 water molecules per lipid hydration for KNO 3 (Leng et al., 2015) . We observe SPC A L values of 65.0 (AE0.1) Å 2 for LUV samples and 64 (AE2) Å 2 for oriented multi-bilayers. The A L values for these two systems are strikingly similar, demonstrating that the lipid bilayer structure is unaffected by sample geometry.
The feature observed at $8 Å from the bilayer center in DOPC bilayers (Fig. 5 ) is also present in the diffractiongenerated SPC one-dimensional NSLD profile (Fig. 7) , albeit far less accentuated in the SPC case. This observation is consistent with the fact that the DOPC data were collected at a reduced level of hydration (66% RH), and that the sunflower extract lipids are largely (>50%) composed of a disordered polyunsaturated fatty acid chain (PUFA) 18:2 cis (n-9) (Orsavova et al., 2015) . Furthermore, the presence of some saturated fatty acid chains in SPC preserves some of the structural features of 90% PUFA bilayers (Marquardt et al., 2016) 
Conclusions
The one-dimensional NSLD profiles of DOPC compare favorably with previously published results, confirming the capability of the WAND instrument to perform aligned multibilayer studies. Furthermore, comparison of SAS data with diffraction data demonstrates that SPC bilayer structures are similar for free-floating vesicles and oriented multi-bilayers.
This further reinforces the notion that aligned multi-bilayer systems have structures similar to LUVs.
Further improvements to WAND are in progress, specifically to replace the current one-dimensional detector with a two-dimensional detector. Sample environment upgrades have been undertaken to simplify the contrast variation process, namely the integration of a humidity generator to the sample cell, thus eliminating the need for saturated salt solutions to vary neutron contrast and hydration. 
